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Normal impact of micron-scale copper particles onto a rough copper surface is investigated in the 25–
150 m/s impact velocity range, by the ﬁnite element method. Surface roughness is generated numerically
and incorporated into the ﬁnite element model. Particle size is varied in a range comparable to the mag-
nitude of the standard deviation of the surface roughness. Isotropic hardening with strain rate effects and
thermal softening due to plastic heat dissipation are included in the model. Analysis is carried out in
plane strain mode and impact of single and multiple particles are modeled. The effects of surface rough-
ness on the mechanics of impact, energy exchange, rebound characteristics of the particle and the resid-
ual stresses in the substrate are investigated. Impacts on peaks and valleys cause response similar to
oblique impact, affecting the rebound behavior of the particle by changing the rebound direction and
increasing the rebound energy of the particle. Impacts also cause surface smoothening by crushing the
surface peaks; however, collapse of adjacent peaks can provoke stress concentrations and initiate crack
formation. Inﬂuence of surface roughness on the aftermath of particle impacts decreases with increasing
particle size and impact velocity. For impact velocities higher than 50 m/s, no signiﬁcant difference is
observed between impact on smooth and rough surfaces in terms of residual stress generation in the sub-
strate. In general, it is concluded that the effect of surface roughness should be taken into account for low
velocity impacts where only the surface peaks deform, or for small particles with size comparable to the
standard deviation of the surface roughness.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
Impact of micron-scale particles onto surfaces is encountered in
many industrial applications. For example, different surface treat-
ment processes such as shot peening, abrasive machining and
spray coating have been developed by controlling the material,
size, velocity and temperature of the impacting particles (Fauchais
and Montavon, 2008). In addition, solid particle impact can also
cause excessive erosion from surface which can lead to problems
in working parts which are exposed to particulate environments
(Finnie, 1960; Hutchings et al., 1976). In all of these processes,
properties of the surface before and after processing, as well as par-
ticle impact conditions signiﬁcantly inﬂuence the ﬁnal outcome. For
example, in thermal spray coatings, roughening the surface before
the coating increases the deposition efﬁciency, and cohesive
strength (Davis, 2004). Adamovic et al. (1999), Baragetti (1997),
Hatamleh et al. (2007), Lakhwinder et al. (2010), and Tosha (2001),
among others, showed that the average surface roughness in-
creases as a result of shot peening. Hatamleh et al. (2007) studied
the effect of shot peening on friction stir welded 7075-T7351 alu-
minum plates, and concluded that resulting surface morphologyll rights reserved.can negatively affect the fatigue behavior and thus hinder some
of the gains that result from peening-induced compressive residual
stresses. In order to avoid surface damage and promotion of crack
initiation and growth, Baragetti (1997) states that the shot peening
process parameters should be adjusted by taking into account both
the residual stress ﬁeld and the surface roughness characteristics.
For isotropic materials, normal impact of a particle onto a semi-
inﬁnite body with ideally smooth surface causes symmetrical
deformation. In addition, it is known that the severity of impact
in terms of plastic deformation scales with the non-dimensional
parameter qV2/Y, where q and V are the mass density and velocity
of the particle, and Y is the dynamic yield strength of the target
(Johnson, 1985). This implies that there is a strong dependence
on impact velocity, but the degree of deformation due to impact
is independent of particle size provided that strain-rate hardening
and gravitational effects are negligible (Holsapple, 1987, 1993).
Lack of dependence on particle size on ideally smooth surfaces
was also reported by Yildirim et al. (2011), in a ﬁnite element
study, for 500 m/s impact of 50 lm and 5 mm copper particles.
On the other hand, if the particle size and the average surface
roughness are on the same order of magnitude, the surface mor-
phology could affect the impact behavior, and the outcome of the
impact process could then depend on the impact location and
particle size, in addition to the impact velocity (Sommerfeld and
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an understanding of the conditions in which surface roughness
should be taken into account.
A number of theoretical and experimental studies have been
conducted to investigate various particle impact effects, including
particle sticking due to surface forces, effects of surface roughness
on energy transfer and rebound characteristics of the particle (e.g.
Dunn et al., 1996; Sahoo and Chowdhury, 2004; Sommerfeld and
Huber, 1999; Tsai et al., 1990). Tsai et al. (1990) modeled the sur-
face roughness as uniformly distributed hemispheres along the
surface, and included its effects by adding the energy required to
deform the asperities into the energy balance. This work showed
that, depending on the impact parameters, either the entire surface
or only the asperities deform plastically. Sommerfeld and Huber
(1999) simulated the surface roughness by assuming that actual
impact angle of the particles is composed of particle trajectory an-
gle and a stochastic contribution due to surface roughness. These
studies are mainly focused on low velocity impacts where defor-
mations remain elastic, or elastic–plastic. Impact of molten parti-
cles onto a rough surface has been investigated experimentally
and numerically, mostly in the context of thermal spray applica-
tions (Parizi et al., 2007; Raessi et al., 2006; Ivosevic et al., 2006).
These studies showed that particle splat formation is strongly
inﬂuenced by surface conditions.
Although there are studies investigating the effects of surface
roughness in particle impacts, these studies investigate: either:
(i) the impact induced roughness, (ii) the effects at low impact
velocities, or (iii) impact of molten particles on a rough surface.
In this work, we investigate the effects of particle size in the mod-
erate velocity range of 25–150 m/s by using the ﬁnite element
method. The sizes of the particles considered in this work are on
the same order of magnitude as the average surface roughness;
and identical materials (copper) are used for the particle and the
substrate. In the ﬁrst part of the study, single particle impacts
are considered and the focus is on the effect of impact location,
and particle size. In the second part, the effects of multiple impacts
are investigated by monitoring the change in surface characteris-
tics and residual stresses.
2. Numerical method
2.1. Simulation properties
Impact of single and multiple particles were modeled by using
Abaqus/Explicit version 6.9-2 (Abaqus 6.9 user manual, 2009), a
commercially available ﬁnite element software. Fully coupled ther-
mal-stress analysis was performed with the 4-node, thermally cou-
pled reduced integration elements (CPE4RT), which have both
displacement and temperature degrees of freedom. Interactions
between the particle and the substrate, and self-contact of the sub-
strate were deﬁned by using the surface-to-surface contact algo-
rithm (Abaqus 6.9 user manual, 2009) with an assumed friction
coefﬁcient value of 0.3. The effects of gravity were neglected. The
bottom and side edges of the substrate are ﬁxed in all directions.
Substrate is modeled to be sufﬁciently large to ensure that the im-
pact process is not affected by the substrate boundary conditions.
In general, analysis of a large number of parameter combinations
could be limited by the size of the ﬁnite element model. Therefore,
in order to render an analysis such as the one presented in this
work feasible, simulations were carried by building a two-dimen-
sional (2D) plane strain model. It should be noted that the plane
strain assumption cannot capture the physics of particle impact
completely (Han et al., 2000); but, as it allows rapid evaluation
of large number of cases, especially with detailed deﬁnition of
the surface, it was chosen in this study. Future work should con-
sider 3D analysis.A schematic view of the ﬁnite element model and the mesh
structure of the rough surface are shown in Fig. 1. The rough sur-
face was generated by using the following relationship described
by Patir (1978), with 200 data points along the x-axis:
zðxiÞ ¼ rﬃﬃﬃvp
Pv
k¼1
piþk ð1Þ
where piþk represent normally distributed random numbers with
zero mean and unit variance, r is the standard deviation, and
v ¼ kx=Dx with the autocorrelation length kx, and the spacing be-
tween the data points Dx. The surface height values, z(xi), obtained
through Eq. (1) are imported into Abaqus, and the ﬁnite element
mesh is generated by using a free meshing algorithm. The total
length (l) of the rough segment of the surface was 2 mm, and the
standard deviation (r) and autocorrelation length (kx) were 43.2
and 100 lm, respectively. The standard deviation is a measure of
the vertical variations of the surface from its arithmetic mean,
and the autocorrelation length gives a mathematically rigorous
measure of horizontal spacing between the surface peaks (Bhushan,
2002).
In the ﬁrst part of the study, impact of single particles was mod-
eled at 9 evenly spaced locations, each separated by 2.5r, along the
rough region (Fig. 1). Each impact was simulated separately on the
undeformed substrate. In order to isolate the effect of particle size,
particles with different sizes were aimed at the same location on
the substrate. Particles with diameter DP = 216, 432 and 864 lm
were simulated. These correspond to DP = 5r, 10r and 20r. The
case with DP = 5r represents a particle with a size comparable to
surface irregularities. The larger particles were modeled in order
to probe the transition to a smooth surface. Impact on a smooth
surface was also simulated to provide a reference case. Impact
velocity was varied in the range of 25–150 m/s, with 25 m/s
increments.
In the second part of the study, the effects of multiple particles
impacting a rough surface were investigated. For this study, multi-
ple (30 and 100) particles with the same initial velocity impact the
surface at random locations. These random locations were gener-
ated by a Matlab script based on a normal random distribution. Im-
pact locations were selected randomly in order to model a process
involving many impacts where usually locations of impacts are not
known in advance. Particles with DP = 5r, and impact velocities of
50, 100 and 150 m/s were investigated. Vertical spacing between
the particles was adjusted such that each particle hits the surface
sufﬁciently after the preceding particle, ensuring that there will
be no simultaneous impacts. While simulations performed by Sch-
warzer et al. (2006) reveal that simultaneous impacts have an ef-
fect on the residual stress proﬁle, this effect is not investigated in
the current study. In order to ﬁlter out the dynamic effects, a static
analysis is performed on the substrate following the impact of the
last particle. Moreover, in this work, interactions between the par-
ticles before, during or after impact were not modeled.
In order to ﬁnd an appropriate mesh size, a mesh convergence
study was carried out for single particle impact having parameters
DP = 5r and VP = 150 m/s. Three different metrics were compared
and results are summarized in Table 1. Based on this study, average
element size near the impact zone in the substrate and for the par-
ticle was selected as r/8. Element size was gradually increased
away from the impact zone to reduce the computational effort.
Simulations were carried out on PC with a 6 core, 3.2 GHz AMD
Phenom processor with 16 GBytes of RAM, operating under Win-
dows 7. The problem size, i.e. degrees of freedom, for single particle
impact simulations was 89 001, 103161 and 158163 for impact of
particles with DP = 5r, 10r and 20r, respectively. First 20 ls of the
impact were simulated for the single particle impact simulations.
In the multiple impact simulations with 100 particles, the total
Fig. 1. Schematic view of the ﬁnite element model. The surface roughness is generated by using r = 40 lm and kx = 100 lm, resulting in peak-to-valley distance of 222 lm
and r = 43.2 lm. Average mesh size around the impact zone: r/8. Impact locations for single particle impact simulations are shown. Note that impact locations are random
for multiple particle impact simulations.
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800 ls. With these conditions, the single particle impact simula-
tions took between 10 and 30 min to complete, whereas multiple
impact simulations required approximately 50 h.
2.2. Material model
The material considered in this work is oxygen free, high con-
ductivity (OFHC) copper for both the particle and the substrate.
In the elastic regime, we assume that copper behaves linearly.
Due to size of the particles and the asperities, local strain-rates
up to 107 s1can be encountered both in the particle and in the
substrate. Johnson–Cook (JC) plasticity model (Johnson and Cook,
1983), an isotropic hardening model which includes strain and
strain-rate hardening and temperature softening effects, was used
to compute the dynamic ﬂow stress of the material under high
strain-rates. Any cyclic effects or possible anisotropy in the mate-
rial were not considered. The JC model describes the ﬂow stress
as a function of strain, strain rate and temperature as follows:
Y ¼ Aþ Benp
 
1þ C ln _e  1 Tmð Þ ð2Þ
where Y is the ﬂow stress, ep is the equivalent plastic strain,
_e ¼ _e= _e0 is the normalized strain rate, _e0 is the reference strain rate,
Table 1
Mesh convergence study for particle size DP = 5r and impact velocity VP = 150 m/s. Averag
vertical and horizontal rebound velocities and ratio of plastically deformed volume to th
densest mesh size.
Mesh size Vertical rebound velocity (m/s) Horizon
Average Error (%) Average
r/4 9.879 1.935 13.783
r/8 9.723 0.330 13.482
r/12 9.691 – 13.224normally taken as 1 s1, and T⁄ is the homologous temperature de-
ﬁned as:
T ¼
0 for T < TR
ðT  TRÞ=ðTm  TRÞ for TR 6 T 6 Tm
1 for T > Tm
8><
>:
ð3Þ
where TR is the reference temperature and Tm is the melting tem-
perature of the material. TR must be chosen such that TP TR. The
JC model constants A, B, n, C and m, and the reference parameters
are _e0 and TR for OFHC copper (Johnson and Cook, 1983) are given
in Table 2. It is important to note that, Johnson and Cook (1983) cal-
ibrated the JC model parameters by using the experimental strain-
rate and temperature data between 0.002 and 400 s1 and 0–0.4 T⁄,
respectively. Their model is used to extrapolate the effects due to
strain-rate dependence for the high strain rate regime, due to the
lack of a more suitable model. Note that, this work is for illustration
purposes and that the accuracy of the extrapolation should be ver-
iﬁed experimentally if quantitative predictions are to be made.
During impact, most of the plastic deformation energy is dissi-
pated as heat, which causes temperature rise in the material.
Experiments show that, the percentage of plastic deformation en-
ergy that is converted into heat is approximately 90% for most met-
als, with 10% of energy being spent on defects (Meyers, 1994).e values are obtained from 9 different impact locations indicated in Fig. 1. Values for
e particle volume are compared. The relative error is computed with respect to the
tal rebound velocity (m/s) VPL/VPAR
Error (%) Average Error (%)
4.223 5.174 0.396
1.950 5.153 0.010
– 5.154 –
Table 2
Material properties for OFHC copper. Values at room temperature are shown for temperature dependent properties.
Properties Parameter Value Unit
General Densitya 8940 kg/m3
Speciﬁc heata 383 J/kg K
Thermal conductivitya 387 W/m K
Thermal expansiona 1.66  105 1/K
Melting temperature, Tm 1356 K
Inelastic heat fraction 0.9 (Meyers, 1994)
Elastic Elastic modulusa 126 GPa
Poisson’s ratioa 0.335
Plastic (Johnson and Cook, 1983) A, B, n, C, m 90, 292, 0.31, 0.025, 1.09 MPa, MPa
Ref. Strain rate 1 1/s
Ref. Temperature 293 K
a Temperature dependent properties. The values at room temperature are shown. Data is taken from MPDB software (Jahm Software Inc., 2003).
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work. Thermal response of the material depends on its speciﬁc
heat, thermal conductivity and thermal expansion. Elastic and
thermal properties of copper were entered into Abaqus as func-
tions of temperature. A list of the material properties used in sim-
ulations is provided in Table 2, at room temperature. Initial
temperature of the particle and the substrate are assumed to be
room temperature (293 K) prior to impact. Yildirim et al. (2011)
showed that for copper-on-copper impacts, material failure does
not occur at impact velocities below 300 m/s. In current work,
the range of impact velocity investigated is well below this limit;
therefore material failure is not included in the material model.3. Results and discussion
3.1. Single particle impact
Fig. 2 shows the simulated contours of vonMises stress and Fig. 3
shows the corresponding equivalent plastic strain distributions at
t = 20 ls for 8 different impact cases, representing the effects of im-
pact velocity, impact location and particle size. Note that the simu-
lation results with smooth surfaces are also presented for reference.
In general, signiﬁcant plastic deformation is observed both in the
particle and in the substrate (Fig. 2). Unlike impact onto a smooth
surface, as the particle indents the rough substrate, unsymmetrical
deformation and stress concentrations are observed. After maxi-
mum indentation, elastic recovery takes place, causing the particle
to rebound. Simulations indicate that this process takes between
0.5 and 4 ls, mainly depending on the particle size.
As expected (Yildirim et al., 2011), the plastic deformation on
the substrate surface, and the magnitude and extent of both resid-
ual subsurface stresses and stresses that develop during the impact
increase with increasing impact velocity. Highest stresses are seen
on the surface of the substrate. For particles with size comparable
to kx (100 lm), deformation is generally localized within a peak or
a valley, depending on the impact location. For larger particles,
more severe deformation covering a span of peaks and valleys,
and higher stresses at the substrate are observed.
Investigation of equivalent plastic strain presented in Fig. 3
shows that impact of a particle onto a smooth surface generates
a symmetrical plastic strain ﬁeld in the substrate. However, impact
on a rough surface causes localized deformation around the peaks
whereas nearby valleys remain free of signiﬁcant plastic deforma-
tion. This condition holds regardless of the impact velocity or par-
ticle size, and it can be observed in both stress (Fig. 2) and strain
(Fig. 3) distributions. The largest temperature increase due to plas-
tic deformation is observed (not shown) to be on the order of 150–
200 K at the deformed peaks.In order to quantify the level of localized deformation, the vol-
ume of material that undergoes plastic deformation (VPL) is plotted
for smooth and rough surfaces in Fig. 4. Here, VPL is calculated by
including the material regions which experience plastic strain val-
ues greater than 0.2%. VPL is normalized by the particle volume
(VPAR). Fig. 4 shows that the normalized plastically deformed vol-
ume increases with increasing impact velocity, regardless of parti-
cle size or surface conditions. As expected, no signiﬁcant size
dependence is observed for impact on smooth surface. However,
for the impact on rough surface, the normalized plastically de-
formed volume is found: (a) to be always lower than that for
smooth surface, and (b) to approach the behavior of the smooth
surface from below with increasing particle size. This is attributed
to dissipation of some fraction of the available kinetic energy in
localized deformation as the particle impacts onto a rough surface,
leading to crushing of the peaks and inducing of high plastic strains
(Fig. 3). This ultimately leads to a relatively smaller fraction of the
available energy being spent on deforming the subsurface regions,
and hence, causes less subsurface deformation.
It is understood, and addressed in Section 3.2, that shot peening
treatment increases the overall surface roughness of the material
at the macro-level, and surface roughness can be characterized
by the indentation process of the impacting particles (Dai et al.,
2004). However, if the change in surface characteristics in a single
indent is considered, current simulations suggest that substrate
surface can be smoothened at the micro-level by the impact of par-
ticle, especially at high velocity impacts and with larger particles
(Fig. 2(d) and (h)). The smoothening is achieved by plastically
deforming and crushing the peaks into nearby valleys. During this
process, internal ‘‘crack-like’’ formations are generated at the sub-
strate surface by the collapse of the nearby peaks (Fig. 2(d)). The
lengths of these formations can be up to 50 lm. Note that, these
formations are called ‘‘crack-like’’ since they are not actual cracks
which occur due to material failure. But, because of the increase
in surface curvature and stress intensity around these formations,
they could promote crack initiation and growth, and hence reduce
the fatigue life of the part. In their shot peening experiments with
7075 aluminum, Grum and Zupanc (2008) observed that plastic
deformation of a thin surface layer induced by the particle impact
leads to certain micro structural changes involving micro cracking.
During the formation of these crack-like features, temperature in-
crease up to around 150 C is observed. Combined with the high
compressive pressures induced by the impact, this level of temper-
ature rise may lead to some solid-state welding phenomena to oc-
cur between the crushed surface peaks.
Fig. 5(a) shows the increase of contact area with time during
impact, for the case of DP = 20r and VP = 150 m/s. When a particle
impacts a smooth surface, the characteristics of the contact
interface are related to relative approach of the particle and the
Fig. 2. von Mises stress distributions in the substrate and in the rebounded particles at t = 20 ls for impacts on location 10r (a–d) and location 10r (e–h) (see Fig. 1 for
impact locations), for particle sizes DP = 5r (a, b, e and f) and DP = 20r (c, d, g and h), and for impact velocities VP = 50 m/s (a, c, e and g) and VP = 150 m/s (b, d, f and h). 150 m/s
impact on a smooth surface is also shown (i).
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pands outward symmetrically as the parts continue to deform, until
all the kinetic energy in the particle is absorbed. As a result, contact
area increases monotonically with increasing impact velocity and
scales linearly with the particle diameter. Similar procedure is also
valid in the case of particle impact onto a rough surface. But, in this
case, deformation is not symmetrical and the contact area is affected
by the surface roughness and relative particle size. Impact process
consists of deforming and compressing surface peaks sequentially.
With increasing impact velocity, asperities are ﬂattened more, and
material starts to ﬁll the space between the peaks. The process of
sequential deformation of surface peaks can be inferred by examin-
ing the time evolution of contact area. For the smooth surface, the
rate of contact area increase is initially high, but it slows down be-
fore reaching the maximum value. However, for rough surface im-
pact, contact area increases with a slower rate and occurs in steps.
This kind of behavior is observed, because at the early stages of im-
pact, only the tips of the peaks come into contact, but as the impact
develops thesepeaks furtherdeform leading to contactwith remain-
ing peaks and lastly with the valleys, thereby increasing the contact
area. However, formation of a well-deﬁned, ﬂattened interface may
ormaynot bepossible depending on thenature of surface roughnessat the impact site and impact velocity of theparticle. Effect of surface
roughness is quantiﬁed by deﬁning ‘‘normalized contact area’’ as the
ratio of maximum contact area for impact on the rough surface to
that on the smooth surface with the same impact parameters. It
can be seen in Fig. 5(b) that, normalized contact area is almost 0.5
at VP = 25 m/s, regardless of the particle size. This is because, at
VP = 25 m/s, the kinetic energy of the particle is not sufﬁcient to de-
formthe surfacepeaks to formacontinuousandﬂat interface. But, as
the impact velocity increases, rough surface undergoes more defor-
mationandbecomesmoreﬂattened (as shown in Fig. 3(f), (h), (j) and
(l)); therefore, the maximum contact area due to impact on the
rough surface approaches that on the smooth surface (Fig. 5(b)). As
described above, impact velocity is thedominant factor in determin-
ing the effect of surface roughness on particle–substrate contact
behavior. In addition, it is seen that larger particles start to exhibit
smooth surface behavior at lower impact velocities.
Rebound behavior of the particle also provides a good measure
of energy exchange between the particle and the substrate. More-
over, the rebound direction, along with rebound velocity, can have
a signiﬁcant inﬂuence in problems such as erosion caused by hard
particles passing through a gas turbine system in which particles
may hit the turbine blade surfaces multiple times before exiting
Fig. 3. Equivalent plastic strain distribution in the substrate at t = 20 ls for impacts on smooth surface (a-d) and on rough surface location 10r (e–h) and location 10r (i–l)
(see Fig. 1 for impact locations), for particle sizes DP = 5r (a, b, e, f, i and j) and DP = 20r (c, d, g, h, k and l), and for impact velocities VP = 50 m/s (a, c, e, g, i and k) and
VP = 150 m/s (b, d, f, h, j and l). Gray regions have plastic strain less than 0.2%.
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surface roughness affects the rebound directions, the vertical
(along z-axis) and horizontal (along x-axis) components of the
rebound velocity are plotted in Fig. 6 for different particle sizes.
Rebound velocity is averaged over the nine different impact loca-
tions, shown in Fig. 1, and error bars represent 95% conﬁdence
interval of the calculated mean. Comparison of Fig. 6(a)–(c) re-
veals that as the particle size increases, vertical rebound velocity
approaches that of a particle rebounding from a smooth surface,
shown by the dotted lines. Rebound direction and horizontal re-
bound velocity of the particle is found to be strongly dependent
on the impact location and particle size, rather than the impact
velocity in the investigated regime (Fig. 6(d)). Although the cal-
culated conﬁdence intervals are large due to variation in the
data, simulations suggest that with larger particles, horizontal
rebound velocity approaches zero (Note that horizontal rebound
velocity is zero for an impact on smooth surface). For both ver-
tical and horizontal rebound velocities, as the particle size in-
creases the conﬁdence interval decreases considerably, meaning
that dependence on impact location decreases as the particle
size increases.Note that the rebound kinetic energy can be found by using the
vertical and horizontal components of rebound velocity. This
shows that the rebound kinetic energy for particles impacting a
rough surface is higher than those impacting a smooth surface. A
possible reason for this behavior is that local peaks and valleys cre-
ate conditions similar to oblique impact, especially for small parti-
cles which have a size comparable to r of the surface. A previous
study shows that particles retain more of their initial kinetic ener-
gies after impact when impacted onto the surface with an angle
less than 90 (Yildirim et al., 2010).
Ratio of the energy dissipated in the substrate by plastic defor-
mation to the initial kinetic energy of a particle is plotted in
Fig. 7(a). For impact on a smooth surface, this ratio increases with
increasing impact velocity, however most of the energy is still dis-
sipated in the particle. For impact on a rough surface, relatively
more plastic energy is dissipated in the substrate. Also, in contrast
to the smooth surface behavior, the ratio of the energy dissipated
as plastic work in the substrate ﬁrst decreases and then slightly in-
creases with increasing impact velocity. This is because, at low im-
pact velocities, particle’s kinetic energy is absorbed mostly by the
surface peaks which are more prone to plastic deformation
Fig. 4. Ratio of plastically deformed volume to the particle volume for single
particle impact as a function of impact velocity and particles size. Plastically
deformed volume is calculated by using a cut-off value of 0.2% equivalent plastic
strain. Each data point represents the average value obtained from 9 different
impact locations indicated in Fig. 1. No signiﬁcant particle size dependence is
observed for impact on smooth surface.
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approaches that on a smooth surface with increasing impact veloc-
ity and particle size.3.2. Multiple particle impact
Industrial processes usually include a series of random impacts
on a given area, which leads to higher, and more uniform subsur-
face residual stresses, and surface hardening. In addition, the sur-
face morphology can also be signiﬁcantly modiﬁed. Single impact
simulations presented above show that surface roughness has a
signiﬁcant effect on the impact behavior when the particle size is
close to standard deviation, r, of the surface roughness. Next, the
effect of surface roughness under multiple impact condition is
investigated for particles with DP = 5r.
Fig. 8 shows the deformed substrate and equivalent plastic
strain distributions due to impact of 30 particles at impact veloci-
ties of 50, 100 and 150 m/s on smooth (Fig. 8(a)–(c)) and rough
surfaces (Fig. 8(d)–(f)). For the case of 50 m/s impact velocity,Fig. 5. (a) Evolution of contact area per unit depth for impact on smooth and rough surfa
as a function of particle impact velocity. Data is normalized with the contact area per un
average value of data obtained from 9 different impact locations indicated in Fig. 1.severity of accumulated plastic deformation is small on the smooth
surface. However, for the same impact velocity, peaks on the rough
surface are seen to have signiﬁcant plastic deformation, whereas
valleys remain undeformed. For higher impact velocities, a thin
continuous work-hardened zone is seen to develop at the surface
of substrate. Work-hardened zone created beneath the smooth
surface is more leveled compared to the one created beneath the
rough surface, where plastic deformation is higher around the
peaks. For 150 m/s impact on rough surface, plastic strains as much
as and exceeding100% are observed around the crushed surface
peaks. Due to extensive plastic deformation, topography of the
rough surface is greatly altered with impact of multiple particles.
Similar crack-like formations are observed (Fig. 8(e) and (f)) as in
the case of single impact of DP = 20r particle (Fig. 2(d)).
Evolution of plastically deformed volume (as deﬁned in Sec-
tion 3.1) is plotted in Fig. 9 for 50, 100 and 150 m/s impact veloc-
ities on the smooth and rough surfaces. For each case, the
plastically deformed volume initial increases rapidly, followed by
a slow and steady increase. Earlier particles impact on the unde-
formed surface which is more prone to plastic deformation,
whereas subsequent particles impact on already hardened surface.
Similar to single particle impact, plastically deformed volume is
found to be higher for smooth surface for a given impact velocity,
regardless of the number of impacts.
Energy dissipated by plastic deformation in the substrate is
plotted as a function of particle impact velocity in Fig. 7(b). Note
that in this analysis the dissipated energy is normalized by the ki-
netic energy in the particle. This ﬁgure shows trends that are sim-
ilar to the single particle impact presented in Fig. 7(a). However,
after multiple impacts, overall ratio of the energy dissipated as
plastic work in the substrate to supplied energy is lower than sin-
gle impact case. As the substrate surface hardens, it behaves more
stifﬂy, resulting in a lower level of plastic deformation on the sub-
strate with each subsequent impact.
‘‘Temporal evolution’’ of the surface roughness is calculated by
scanning the surface after each impact by an idealized probe with
zero tip size. Fig. 10 presents the calculated standard deviation (r)
and average roughness (Ra) of the surface as a function of number
of impacts and impact velocity. Two different behaviors are ob-
served for initially smooth and rough surfaces. For the initially
smooth case, the surface roughness increases with increasing num-
ber of impacts as well as increasing impact velocity (Fig. 10(a)).
Surface roughness increases rapidly for the ﬁrst 15 impacts,
and keeps increasing slowly in a linear fashion thereafter. Theces. DP = 20r and VP = 150 m/s. (b) Maximum contact area for different particle sizes
it depth calculated from impacts on smooth surface. Each data point represents the
Fig. 6. Vertical (a–c) and horizontal (d) rebound velocities for different particles sizes as a function of particle impact velocity. Each data point represents the average value of
data obtained from 9 different impact locations indicated in Fig. 1. Error bars represent 95% conﬁdence interval of obtained mean values.
Fig. 7. Ratio of energy dissipated by plastic deformation in substrate (EsubstrateINT ) to kinetic energy of particle prior to impact (E
particle
K ). (a) Single particle impact. Each data point
represents the average value of data obtained from 9 different impact locations indicated in Fig. 1. No particle size dependence is observed for impact on smooth surface. (b)
Multiple particle impact: 30 particles with DP = 5r.
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indents on the surface which greatly change the surface topogra-
phy. However, the following particles impact on previously de-formed and hardened regions which only result in superposition
of multiple indents. Above ﬁndings are in full agreement with
the experimental surface roughness data obtained by Miao et al.
Fig. 8. Equivalent plastic strain induced by impact of 30 particles (DP = 5r) on smooth surface (a–c) and on rough surface (d–f) at 50 m/s (a and d), 100 m/s (b and e) and
150 m/s (c and f). Gray regions have plastic strain less than 0.2%. Locations of the crack-like formations are indicated by arrows.
Fig. 9. Ratio of plastically deformed volume to the particle volume as a function of
number of particles impacts onto smooth and rough surfaces for impact velocities
50, 100 and 150 m/s. Plastically deformed volume is calculated by using a cut-off
value of 0.2% equivalent plastic strain.
B. Yıldırım, S. Müftü / International Journal of Solids and Structures 49 (2012) 1375–1386 1383(2010) where resulting roughness is compared for different shot
peening velocities and number of peening passes. For the case of
initially rough surface, it is found that surface roughness decreases
with impact of particles (Fig. 10(b)). Also, rate of this decrease
slows down with increasing number of impacts. In this case,
increasing impact velocity generally results in a smaller standard
deviation of the surface roughness, which seems to saturate
around 100 m/s impact velocity.
Another important aspect of a surface treatment involving par-
ticle impacts is that it generates a region with compressive stressesbeneath the surface. This is utilized in industrial processes, such as
shot peening, to increase the fatigue life of the parts. The magni-
tude and distribution of the compressive region generated in
smooth and rough surfaces is compared in Fig. 11, where residual
stresses that develop due to 30 impacts are plotted. Slightly higher
magnitudes of compressive stress are observed for the impact on
smooth surface. This ﬁgure conﬁrms Al-Hassani’s work (1982)
which states that in general, at a certain depth from the surface,
the residual stresses become tensile and remain tensile in order
to equilibrate the stresses in the substrate. Magnitude of the ten-
sile stresses reach only up to 20–50 MPa depending on the impact
velocity, which is signiﬁcantly lower compared to the stresses gen-
erated in the compressive layer. The interface between the com-
pressive and tensile regions is found to be fairly smooth, except
for the case of 50 m/s impact on rough surface, where the extent
of the compressive region is highly dependent on the location.
Qualitative comparison of compressive region generated beneath
the impact site is provided in Fig. 12 where average depth of com-
pressive region under the impact region is plotted. Surface rough-
ness is seen to have little or no effect on the average depth of
compressive region. If compared with single impact case, depth
of compressive region increased by a factor of 1.5 as a result of
impact of 30 particles. On the other hand, increasing the number
of particle impacts to 100 resulted only in a small increase in the
depth of compressive region. These ﬁndings suggest that after cer-
tain number of impacts onto a given region, compressive depth
reaches a limit. This saturation behavior is somewhat different
than the data obtained by shot peening experiments (Miao et al.,
2010), where it was observed that depth of compressive layer
keeps increasing with more peening time. This discrepancy can
be due to the fact that the current simulation uses the same mate-
rial for the particle and the substrate, whereas hard particles are
used in shot peening applications.
Fig. 10. Evolution of surface standard deviation, r(a and b) and average surface roughness, Ra (c and d) as a function of number of impacts and impact velocity for initially
smooth (a and c) and rough (b and d) surfaces.
Fig. 11. Residual stresses along the x-axis generated by impact of 30 particles (DP = 5r) on smooth surface (a–c) and on rough surface (d–f) at 50 m/s (a and d), 100 m/s (b and
e) and 150 m/s (c and f). Grey areas are in tension. The interface between red and grey regions represents the transition from compressive to tensile state. Maximum tensile
stress is found between 20 and 50 MPa (in the grey area) depending on the impact velocity. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
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Fig. 12. Average depth of compressive layer in substrate normalized with the
particle diameter.
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In thiswork, impactofmicron-scale copperparticles ontoa copper
half-spacewith rough surfacewas investigated under 2Dplane strain
condition, using theﬁnite elementmethod. The effectsof particle size,
impact velocity, impact locationandnumberof impactswere system-
atically studied. The ﬁndings are summarized as follows:
 The impact location has a signiﬁcant effect on the substrate
deformation, in case a small particle, with size comparable to
the standard deviation of the surface roughness, impacts a
rough substrate. For larger particles, the effects of surface
roughness are not as signiﬁcant, and the results approach that
of an impact onto a smooth surface.
 Surface roughness causes localized deformation effects not seen
in impacts onto a smooth surface, e.g. somepeaksdonot receive a
direct impact remain stress/strain free, but some others display
excessive plastic deformation. This work showed that, a rela-
tively larger portion of the available impact energy is dissipated
in the substrate due toplastic deformationof the peaks; and, con-
sequently, the volume of plastically deformed material beneath
the surface is lower for impacts on a rough surface.
 As expected, surface roughness causes the particles to scatter upon
impact. However, dependence of rebounddirection and velocity on
the impact location decreases with increasing particle size. Local
peaks and valleys create conditions similar to oblique impact, espe-
cially for small particles. Thus, total rebound kinetic energy of the
particle is higher compared to impact on smooth surface.
 Impact of particles roughens an initially smooth surface,
whereas it has the opposite effect on an initially rough surface.
Degree of roughening or smoothening increases with increasing
impact velocity. Surface can also be smoothened at the micro-
level by the impact of particles, by crushing the surface peaks.
This work showed that collapse of adjacent peaks may lead to
crack-like formations close to the surface. Although their length
is relatively small (<50 lm) compared to the depth of compres-
sive layer generated by the impacts, stress intensity around
these formations may promote crack initiation and growth
and reduce the fatigue life of the part.
 No signiﬁcant difference is observed in terms of residual sub-
surface compressive stresses and depth of compressive region
as a result of multiple impacts on smooth and rough surfaces.
Depth of compressive region is found to saturate under multiple
impacts.Considering all the effects mentioned above, it is concluded that
surface roughness should be taken into account in the analysis for
particles having size comparable to standard deviation of the sur-
face roughness, and for low velocity impacts where impact results
in deformation of surface peaks only.Acknowledgments
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